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Replicationch sequence and structural (SL1) elements in the 5′ non-translated region (NTR)
of the Potato virus X (PVX) RNA play vital roles in the PVX life cycle by controlling translation, RNA
replication, movement, and assembly. It has already been shown that the repeated ACCA or AC-rich sequence
affect both gRNA and sgRNA accumulation, while not affecting minus-strand RNA accumulation, and are also
required for host protein binding. The functional signiﬁcance of the repeated ACCA sequence elements in the
5′ NTR region was investigated by analyzing the effects of deletion and site-directed mutations on PVX
replication in Nicotiana benthamiana plants and NT1 protoplasts. Substitution (ACCA into AAAA or UUUU)
mutations introduced in the ﬁrst (nt 10–13) element in the 5′ NTR of the PVX RNA signiﬁcantly affected viral
replication, while mutations introduced in the second (nt 17–20) and third (nt 20–23) elements did not. The
fourth (nt 29–32) ACCA element weakly affected virus replication, whereas mutations in the ﬁfth (nt 38–41)
signiﬁcantly reduced virus replication due to the structure disruption of SL1 by AAAA and/or UUUU
substitutions. Further characterization of the ﬁrst ACCA element indicated that duplication of ACCA at nt 10–
13 (nt 10–17, ACCAACCA) caused severe symptom development as compared to that of wild type, while
deletion of the single element (nt 10–13), ΔACCA) or tripling of this element caused reduced symptom
development. Single- and double-nucleotide substitutions introduced into the ﬁrst ACCA element revealed
the importance of CC located at nt positions 11 and 12. Altogether, these results indicate that the ﬁrst ACCA
element is important for PVX replication.
© 2008 Elsevier Inc. All rights reserved.IntroductionPotato virus X (PVX), the type member of the Potexvirus genus, is a
ﬂexuous rod-shaped virus containing a 6.4 kb plus-stranded RNA
genome (Bercks,1970;Huismanet al.,1988). The PVXgenome,which is
capped and polyadenylated, consists of an 84 nucleotide (nt) 5′ non-
translated region (NTR), ﬁve open reading frames (ORFs), and a 72 nt 3′
NTR (Bercks, 1970; Huisman et al., 1988; Skryabin et al., 1988; Fig. 1).
ORF1 encodes the viral replicase protein (165 kDa), which is the only
viral protein absolutely required for PVX RNA synthesis. This replicase
exhibits the methyltransferase/helicase/polymerase arrangement
found in all nonsegmented viruses of the Sindbis-like supergroup
(Rozanov et al., 1992). The function of viral cell-to-cell transport is
associated with the triple gene block (TGB), ORFs 2–4 (Argos et al.,t least two professional editors,
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l rights reserved.1980; Bercks, 1970), and the product of ORF5, coat protein (CP), is
involved in both virus movement and encapsidation (Chapman et al.,
1992; Oparka et al., 1996). During PVX infection, proteins derived from
these ORFs as well as genomic-length plus- and minus-strand RNAs,
several sgRNAs, and corresponding double-stranded RNAs are pro-
duced (Dolja et al., 1987; Price, 1992). The two major sgRNAs are
uitlized for expression of theﬁrst TGB gene (ORF2) andCP, respectively,
whereas the other two TGB genes (ORFs 3 and 4) are expressed from a
less-abundant sgRNA (Morozov et al., 1991; Verchot et al., 1998).
The 5′ PVX NTR contains multiple cis-acting regulatory signals,
including AC-rich sequences and several repeat ACCA motifs (Kim and
Hemenway, 1996) followed by at least one stable stem-loop, SL1 (Miller
et al., 1998), all of which are important for both gRNA and sgRNA
accumulation in NT1 protoplasts. Further progeny viral RNA analysis of
the SL1mutants through several passages also indicated the selection of
the original SL1 structure (Miller et al., 1999). Kwon et al. (2005)
demonstrated that the CP-binding element is also located within this
SL1 structure at the 5′ region and that the binding of CP subunits to the
SL1 structure was sufﬁcient for the formation of virus like particles.
Recently, it was further conﬁrmed that the 5′-terminal region of PVX
RNAwas encapsidated selectively in single-tailed RNA-CP particles and
Fig. 1. Schematic representation of the PVX genome (A) and model for long-distance
interactions required for PVX replication (B). The ﬁve ORFs are denoted by open boxes
and are labeled according to the sizes of the predicted polypeptides. The relative
positions of the plus-strand RNA probe (P1) and minus-strand RNA probe (P2) for S1
nuclease protection assays are indicated; asterisks denote 32P-labeled positions. The
shown is one possible long-distance interaction. Positions and sequences of cis-acting
elements deﬁned here and previously (Hu et al., 2007; Kim and Hemenway, 1997,1999).
The products of plus-strand sgRNA synthesis, including TB sgRNA (TB1), CP sgRNA (CP),
and the putative sgRNA initiating near ORF3 (TB2) are also shown.
134 M.-R. Park et al. / Virology 378 (2008) 133–141modulate the nature of the infectious virus transport form through the
bindingwith TGBp1 (Karpova et al., 2006). In viewof the involvement of
the 5′-terminal region of PVX RNA in movement or transport, it wasFig. 2. Effects of mutations introduced into PVX genomic RNA on viral replication in N. tabacu
of the genomic RNA. Deletions from the 5′ end are indicated by dotted lines. (B and C) Eff
protection assays. Accumulation of minus-strand (B) and plus-strand (C) RNA inoculated w
containing mutations in the 5′ NTR (Δ8, Δ9, Δ10, Δ11, Δ12, and Δ13) in protoplasts. The ﬁrst l
(−txt) and plus-strand (+txt) RNA transcripts, respectively. (D) Accumulation of plus- and (c
using a Molecular Dynamics Photoimager. Each value is the mean compared to that of the wil
and three independent experiments for plus- and minus-strand RNA accumulation, respecti
with negative control transcript p32 and positive control pMON8453 (wt), and transcripts con
second, and third lanes in F contain detected bands obtained by Northern blotting with the P
ﬁrst lane in G contains the detected band obtained using Western blotting with antiserumshown that a SL1 structurewas also acts as a cis-acting element essential
for cell-to-cellmovementof RNA and suggests the coordinated nature of
RNA replication and RNA movement (Lough et al., 2006).
Although the 5′ 31 nt containing repeated ACCA motifs are
predicted to be unstructured, sequence elements in this region have
also been to be important for PVX accumulation (Kim and Hemenway,
1996, 1999; Miller et al., 1999). A cellular protein of about 54 kDa (p54)
binds to sequences in the 5′ proximal 46 nt of the PVX RNA genome
that may be involved in the accumulation of PVX plus-strand RNA
(Kim et al., 2002). Site-directedmutations introducedwithin this 46 nt
region further indicated that an ACCA sequence element located at nt
10–13 was important for optimal binding, suggesting the functional
importance of p54 binding to the 5′ terminus of the viral genomic RNA
in PVX RNA replication. In addition, mutations that decreased the
afﬁnity of the template RNA for the cellular factor decreased PVX plus-
strand RNA accumulation in protoplasts (Kim et al., 2002). Kim and
Hemenway (1997) showed that conserved octanucleotide sequence
elements located upstream of the two major PVX sgRNAs are impor-
tant for sgRNA accumulation in protoplasts and potentially some other
aspect of the infection process in plants. Complementarity between
the 5′ terminus (or 3′ terminus of minus-strand RNA) and the con-
served octanucleotide elements is important for both genomic and
subgenomic plus-strand RNA accumulation (Kim and Hemenway,
1997). Recently, Hu et al. (2007) have shown that these conserved
octanucleotide elements are also required for optimal transcription of
minus-strand RNA both in vitro and in vivo. Altogether, these data
suggest the dynamic interactions of various RNA elements at both
termini and the internal octanucleotide during PVX replication (Fig.1).
Since the binding of the cellular protein to the 5′ end of the plus-
strand RNA and virus replication on inoculated protoplasts were
closely co-related, it is tempting to speculate that essentiality of
sequences on 5′ end of plus-strand RNA is in part due to the binding ofm NT1 protoplasts. (A) Schematic representation of deletion mutations made in nt 1–13
ect of mutation on PVX plus- and minus-strand RNA accumulation using S1 nuclease
ith negative control transcripts p32, positive control pMON8453 (wt), and transcripts
ane in C and D contains protected fragments obtained by hybridization to minus-strand
losed bar) minus-strand (shaded bar) RNA on PVX mutants. RNA levels were measured
d type as a percentage of the wild type and the standard error compiled from at least six
vely. (E) Accumulation of subgenomic RNA and (F) CP subunits, respectively, inoculated
tainingmutations in the 5′NTR (Δ8,Δ9,Δ10,Δ11,Δ12, andΔ13) in protoplasts. The ﬁrst,
VX CP probe to plus-strand (+txt) and minus-strand (−txt) RNA and CP transcripts. The
prepared against puriﬁed PVX.
Table 1
Accumulation of plus- and minus-strand RNA on PVX mutants in N. tabacum NT1
protoplasts
Mutants (+) RNAa (−) RNAa
wt 100.0 a 100.0 ab
p32 0.0 d 0.0 c
Δ8 92.0 a 96.0 b
Δ9 50.5 b 100.4 ab
Δ10 20.4 c 108.6 a
Δ11 5.0 cd 102.9 ab
Δ12 0.8 d 98.8 ab
Δ13 0.0 d 99.3 ab
a Data were analyzed by ANOVA and means were compared using the Fisher's LSD
test using SAS program (version 9.1). Means with the same letter are not signiﬁcantly
different at P≤0.05.
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the repeated ACCA motifs in the 5′ PVX NTR for viral replication, we
have analyzed the functional signiﬁcance of these repeated ACCA-
motifs by introducing deletions and site-directed mutations within
the repeated ACCA sequences and by inoculating transcripts contain-
ingmutations onto NT1 protoplasts andNicotiana benthamiana plants.
Results
Effects of mutations in the ﬁrst ACCA (nt 10–13) element on PVX replication
We have previously reported that deletion of the nucleotide
sequence between nt 8 and 13, containing the ﬁrst ACCA element,
affects PVX plus-strand RNA synthesis in NT1 protoplasts (Kim and
Hemenway, 1996). The result showed that plus-strand genomic RNA
accumulation was reduced by these mutants as contrast with minus-Fig. 3. Effects of single and double nucleotide mutations introduced into PVX genomic RN
mutations made in nt 9–13 containing the ACCA element of the PVX cDNA clone, pMON8453,
PVXmutants. RNA levels were measured using a Molecular Dynamics Photoimager. Each valu
standard error compiled from at least six independent experiments for plus-strand RNA accu
accumulation of minus-strand RNA was not affected by the mutations introduced at the 5
accumulation levels were obtained from two independent experiments and are showing mstrand genomic RNA accumulation. We have also previously reported
that changing the ﬁrst ACCA to AAAA, AUUA, or UUUU signiﬁcantly
reduced PVX plus-strand RNA accumulation in inoculated NT1
protoplasts, while no deleterious effect was evident when protoplasts
were inoculatedwith aGGGGversion of this element (Kimet al., 2002).
To further deﬁne the role of the ﬁrst ACCA (10–13) element in
genomic RNA synthesis, we analyzed several incremental deletions in
the 5′ NTR (Δ8, Δ9, Δ10, Δ11, Δ12 and Δ13) (Fig. 2A). The effects of each
mutation on PVX replicationwere assayed by inoculatingwild-type and
mutant transcripts onto NT1 protoplasts and subsequently analyzed by
S1nuclease protection assays forquantiﬁcation ofwithplus- andminus-
strandRNAusingprobes P1 andP2, respectively (Fig.1A) and bywestern
and northern blot analyses.
As shown in Figs. 2C and D, accumulation of plus-strand RNA levels
were signiﬁcantly decreasedwith increasing deletions from the 5′ end,
and was almost undetectable with deletion of 11 (5% compared to that
of wt) ormore nt (0.8% and 0% forΔ12 andΔ13, respectively, compared
to that of wt, Table 1). As expected, minus-strand RNA accumulation
was not affected by any of the deletion mutants (Fig. 2B and Table 1).
The accumulation of sgRNAs, as measured by northern analyses, also
decreased with increasing deletion from the 5′ terminus, and was not
detectable with deletion of 11 or more nt (Fig. 2E). Decreased level of
sgRNA accumulation subsequently affected the expression of CP as
shown in the western blot depicted in Fig. 2F.
To further determine the importance of the ﬁrst ACCA element
located at nt 10–13 on PVX RNA accumulation in protoplasts we
analyzed single and double nucleotide substitution mutants in the
region including this element. Many single nt substitution mutations at
positions 9–11 did not signiﬁcantly affect plus-strand RNA accumula-
tion, except for 9A to U, 10A to U, and 11C to A mutations. Although all
single nt substitution mutations at nt positions 12 and 13 signiﬁcantlyA on viral replication in N. tabacum NT1 protoplasts. (A) Schematic representation of
using site-directedmutagenesis. (B) Accumulation of plus- and (C) minus-strand RNA on
e is the mean compared to that of the wild type as a percentage of the wild type and the
mulation. Values with the same letter are not signiﬁcantly different at P≤0.05. Since the
′ NTR (Kim and Hemenway, 1996, 1999; Miller et al., 1998; Fig. 1), minus-strand RNA
ean values.
Fig. 4.Mutational analysis ofﬁve repeat ACCA sequences. (A and B) Schematic representation ofmutations introduced inﬁve repeat ACCA sequences at the 5′ end of PVX genomic RNA (A)
and accumulation of progeny viral RNA (B). A total of 10 mutants changing each repeat ACCA sequence into AAAA or UUUU were inoculated into N. benthamiana plants. Two previously
describedmutantswere also included in the analysis (asterisks; Kim et al., 2002). (C) Predicted secondary structure in the 5′ region ofmutant viral RNA. The secondary structures ofmutant
RNAwere predicted using themFOLDprogram (http://www.bioinfo.rpi.edu/applications/mfold). The structural stability of each predicted RNA stem-loop structure is reﬂected in the given
ΔG value. The predicted secondary structures for lower portion of SL1 in mutants 17UUUU20, 29UUUU32, 38AAAA41, and 38UUUU41 are shown since top portion of the predicted secondary
structures of eachmutantwas identical. The predicted SL1 structures ofmutants 10AAAA13, 17AAAA20, 20AAAA23, 29AAAA32, 10UUUU13, and 29UUUU32were identical to that of wt. Repeated
ACCA sequences are shown in bold character in the predicted secondary structure of wt. (D and E) Schematic representation of deletion and additionmutations introduced in the nt 10–13
ACCA sequence of the 5′ end of PVX genomic RNA (D) and accumulation of progeny viral RNA on upper systemic leaves (E). Total RNAwas extracted from upper systemic leaves, and the
relative accumulation of viral RNAwas assayed using real-time-RT PCR as described in Materials and Methods. The average relative RNA accumulation and standard error were deduced
from three independent experiments using three replicates of each sample. Values with the same letter are not signiﬁcantly different at P≤0.05.
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Fig. 5. Symptom development on upper systemic leaves of Nicotiana benthamiana plants inoculated with repeat ACCA mutated transcripts. Symptom development was observed for
14 days post-inoculation (dpi). The experiment was conducted more than three times using at least three plants for inoculation. Symptoms on each inoculated plant were
summarized in Table 1.
Table 2
Symptom development on Nicotiana benthamiana plants inoculated with repeat ACCA
mutated transcripts
Mutants Symptoms
Mock 0/9a –b
Wild-type 9/9 SM, M
10AAAA13 5/17 MM, L
17AAAA20 6/9 VB, M, L
20AAAA23 9/9 VB, M
29AAAA32 3/16 MM, L
38AAAA41 0/9 L
10UUUU13 7/13 M, L
17UUUU20 5/13 M, L
20UUUU23 10/12 M, L
29UUUU32 0/12 L
38UUUU41 0/12 L
ΔACCA 3/9 MM, L
(ACCA)2 8/9 SM,M, L
(ACCA)3 4/9 M, L
a Symptom development was observed for 14 days post-inoculation (dpi). The
experiment was conducted more than three times using at least three plants for
inoculation. Numbers represent # of plants with visible symptom/# of inoculated plants.
b SM, severe mosaic; M, mosaic; MM, mild mosaic; VB, vein banding; L, latent
infection; –, no infection.
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nt 11–12 CC into AA and UU had the greatest effect on plus-strand
genomic RNA accumulation (Fig. 3B). Again, none of these mutations
affected accumulation of genomic minus-strand RNA (Fig. 3C). Alto-
gether, the deletion and site-directed mutation analyses indicated that
the ﬁrst ACCA element located at nt 10–13 of the PVX 5′ RNA is required
for efﬁcient plus-strand gRNA and sgRNA accumulation, but not for
minus-strand RNA accumulation.
Effects of ﬁve repeated ACCA motifs located at the 5′ NTR of genomic RNA
on PVX RNA replication
Given that the ﬁrst ACCA element is important for plus-strand gRNA
and sgRNA accumulation, we analyzed the other four ACCA elements
located at nt 17–20, nt 20–23, nt 29–32, and nt 38–41 for their important
to PVX replication (Fig. 4A). Therefore, to further determinewhether the
repeated ACCA motifs affect PVX RNA accumulation, we constructed 10
more site-directed mutants changing each ACCA sequence into AAAA
and UUUU, determined their effects on PVX RNA accumulation by ino-
culating N. benthamiana plants with transcripts derived from the ACCA
element mutants and wild-type PVX cDNA, and observed symptom
development for 14 days post-inoculation (dpi). Severity of symptoms
was qualitatively determined and designated by the number of plus
signs, with symptoms in wild-type plants indicated by three plus signs.
Plants inoculated with wt transcripts generally developed symptoms at
5–7 dpi (Fig. 5). When transcripts containing the 17UUUU20 or 20UUUU23
sequences were inoculated onto N. benthamiana plants, symptom deve-
lopment was similar to plants inoculated with wild-type transcripts.
Vein banding andmosaic symptomswere observed onplants inoculated
with the 17AAAA20 or 20AAAA23 mutant transcripts. In contrast, no
symptomswere observedonplants inoculatedwith 38AAAA41, 29UUUU32
and 38UUUU41mutants at 7 dpi (Fig. 4 andTable 2). Replication of viruses,
however,wasobserved onupper leaves, as conﬁrmedbyRT-PCRanalysis
(data not shown). Mild mosaic or mosaic symptoms were observed on
plants inoculated with the 29AAAA32, 10UUUU13, and 17UUUU20 mutanttranscripts. Interestingly, we sometimes observed mild mosaic symp-
toms on plants inoculated with the 10AAAA13 transcripts, which did not
replicate efﬁciently on NT1 protoplasts; additional plant inoculations
with these transcripts indicated symptom development on 5 out of 17
plants (29.4%; Table 2).
We have previously reported that the nucleotide changes in nt 10–
13 ACCA into AAAA (10AAAA13) had a deleterious effect on PVX plus-
strand RNA accumulation (5.3% compared to that of wt) and nt 10–13
ACCA into UUUU (10UUUU13) signiﬁcantly reduced PVX plus-strand
RNA accumulation (42.9% compared to that of wt), while there were
no signiﬁcant changes in genomic minus-strand RNA accumulation in
inoculated NT1 protoplasts (Kim et al., 2002). To determine if the
Table 4
Analysis of progeny viral RNA isolated from upper systemic N. benthamiana leaves
inoculated with repeat ACCA mutated transcripts
Mutants Sequencea # of clonesb
Wild-type 8AACCAUACACCACCAACACAACCAAACCCACCA——
10AAAA13 8AAAAAUACACCACCAACACAACCAAACCCACCA—— (10/10)
17AAAA20 8AACCAUACAAAACCAACACAACCAAACCCACCA—— (10/10)
20AAAA23 8AACCAUACACCAAAAACACAACCAAACCCACCA—— (10/10)
29AAAA32 8AACCAUACACCACCAACACAAAAAAACCCACCA—— (10/10)
38AAAA41 8AACCAUACACCACCAACACAACCAAACCCAAAA—— (7/10)
8AACCAUACACCACCAACACAACCAAACCCACCA—— (3/10)
10UUUU13 8AUUUUUACACCACCAACACAACCAAACCCACCA—— (9/10)
8AUGUUUACACCACCAACACAACCAAACCCACCA—— (1/10)
17UUUU20 8AACCAUACUUUUCCAACACAACCAAACCCACCA—— (3/10)
8AACCAUACUUUCCCAACACAACCAAACCCACCA—— (5/10)
8AACCAUACUCUUCCAACACAACCAAACCCACCA—— (1/10)
8AACCAUACAUAUCCAACACAACCAAACCCACCA—— (1/10)
20UUUU23 8AACCAUACACCUUUUACACAACCAAACCCACCA—— (10/10)
29UUUU32 8AACCAUACACCACCAACACAUUUUAACCCACCA—— (1/10)
8AACCAUACACCACCAACACAACCAAACCCACCA—— (9/10)
38UUUU41 8AACCAUACACCACCAACACAACCAAACCCUUUU—— (8/10)
8AACCAUACACCACCAACACAACCAAACCCUCUU—— (2/10)
ΔACCA 8A_____UACACCACCAACACAACCAAACCCACCA—— (10/10)
(ACCA)2 8AACCAACCAUACACCACCAACACAACCAAACCC—— (10/10)
(ACCA)3 8AACCAACCAACCAUACACCACCAACACAACCAA—— (7/10)
8AACCAUACACCACCAACACAACCAAACCCACCA—— (3/10)
a Sequences of recovered clones corresponding to the repeat ACCA sequence are
underlined.
b The dsDNA-containing mutated regionwere ampliﬁed by RT-PCR and sequenced 10
independent clones for each mutant using total RNAs extracted at 7 dpi. Numbers
represent # of clones for sequence analysis samples/ten clones.
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reﬂected in PVX replication and in plant infection studies, respectively,
accumulation of PVX RNAs on upper systemic leaves was obtained by
real-time RT-PCR analyses. As shown in Fig. 4B, plants inoculated with
mutants 10AAAA13, 38AAAA41, 29UUUU32, and 38UUUU41 exhibited
dramatically decreased RNA accumulation (9.4%, 0.4%, 0.0%, and 23.5%
compared to that of wt, respectively), while 29AAAA32, 10UUUU13, and
17UUUU20 mutations resulted in moderate, but signiﬁcant, reductions
(54.7%, 55.4%, and 49.8% compared to that of wt, respectively). Plants
inoculated with mutants 17AAAA20, 20AAAA23, and 20UUUU23 accu-
mulated reduced level, but not signiﬁcantly different, of plus-strand
RNA. The results showed close correlation between the level of plus-
strand RNA replication in infected N. benthamiana plants and symp-
tom development and reﬂection of the previously published proto-
plast data in plant infection studies at least for mutants 10AAAA13 and
10UUUU13 (Kim et al., 2002).
To determine whether mutated sequences were maintained in
progeny viruses, we ampliﬁed the dsDNA-containing mutated region
by RT-PCR and sequenced 10 independent clones from both ino-
culated and upper systemic leaf samples for each mutant. As in ACCA
into AAAA mutations introduced at the ﬁrst to fourth position, all
mutated sequences maintained original mutations in all progeny
clones tested (Tables 3 and 4). For the ﬁfth ACCA to AAAA mutation,
however, we found reversion of AAAA to ACCA in three of ten clones
from upper systemic leaves, whereas progeny clones from inoculated
leaves maintained the mutation. The sequence change at the ﬁfth
position (nt 38–41) was predicted to form a less stable secondary
structure (Fig. 4C). Similarly, on analysis of the ACCA to UUUUmutant
inoculated plants, recovered clones from progeny viruses had more
sequence variations when introduced mutations caused changes in
the predicted secondary structure of SL1 (Fig. 4C, Tables 3 and 4).
These data suggest that RNA continues to evolve within inoculated
plants to obtain an optimum template for PVX replication, in
agreement with data of Miller et al. (1999) showing that sequence
reversion and/or variation maintains suitable RNA secondary struc-
ture. These results indicate the importance of the ﬁrst (10–13), fourth
(29–32), and ﬁfth (38–41) ACCA sequence motifs for viral replication.
Effects of deletions and insertions of ACCA at nt 10–13 on PVX replication
To determine the effect of deletions and insertions of ACCA at nt
10–13, we constructed three more mutants: one with mutant deletionTable 3
Analysis of progeny viral RNA isolated from inoculated N. benthamiana leaves with
repeat ACCA mutated transcripts
Mutants Sequencea # of clonesb
10AAAA13 8AAAAAUACACCACCAACACAACCAAACCCACCA—— (10/10)
17AAAA20 8AACCAUACAAAACCAACACAACCAAACCCACCA—— (10/10)
20AAAA23 8AACCAUACACCAAAAACACAACCAAACCCACCA—— (10/10)
29AAAA32 8AACCAUACACCACCAACACAAAAAAACCCACCA—— (10/10)
38AAAA41 8AACCAUACACCACCAACACAACCAAACCCAAAA—— (10/10)
10UUUU13 8AUUUUUACACCACCAACACAACCAAACCCACCA—— (10/10)
17UUUU20 8AACCAUACUCUUCCAACACAACCAAACCCACCA—— (6/10)
8AACCAUACUUUCCCAACACAACCAAACCCACCA—— (3/10)
8AACCAUACCUUUCCAACACAACCAAACCCACCA—— (1/10)
20UUUU23 8AACCAUACACCUUUUACACAACCAAACCCACCA—— (10/10)
29UUUU32 8AACCAUACACCACCAACACAUUUUAACCCACCA—— (9/10)
8AACCAUACACCACCAACACAACCAAACCCACCA—— (1/10)
38UUUU41 8AACCAUACACCACCAACACAACCAAACCCUUUU—— (10/10)
ΔACCA 8A___UACACCACCAACACAACCAAACCCACCA—— (10/10)
(ACCA)2 8AACCAACCAUACACCACCAACACAACCAAACCC—— (10/10)
(ACCA)3 8AACCAACCAACCAUACACCACCAACACAACCAA—— (8/10)
8AACCAUACACCACCAACACAACCAAACCCACCA—— (2/10)
a Sequences of recovered clones corresponding to the repeat ACCA sequence are
underlined.
b The dsDNA-containing mutated regionwere ampliﬁed by RT-PCR and sequenced 10
independent clones for each mutant using total RNAs extracted at 7 dpi. Numbers
represent # of clones for sequence analysis samples/ten clones.of nt 10–13 (ΔACCA) and two adding either one or two ACCAs following
the 10ACCA13 ((ACCA)2 and (ACCA)3, respectively). Deletions and
insertions of ACCA element at nt 10–13 did not affect the predicted SL1
structure. We determined the effect of these mutations on virus
replication by inoculating the mutated transcripts onto N. benthamiana
plants (Figs. 4D and 3E). Infection was monitored by evaluation of
symptom development and detection of CP in inoculated and upper
leaves. Plants inoculated with wt transcripts or with (ACCA)2 mutant
transcripts showed systemic symptoms by 5 to 7 dpi, and accumulated
PVXCP in inoculated and upper leaves by 7 dpi in all 9 inoculated plants
(Fig. 5 and data not shown). In contrast, plants inoculated with ΔACCA
and (ACCA)3mutant transcripts did not develop symptoms in 6 and 5 out
of 9 plants, respectively, for up to 14 dpi (Fig. 5) and did not contain
detectable levels of CP at 7 dpi. The other plants, however, showed mild
or no symptom development with virus replication. In general, mutants
ΔACCA and (ACCA)3 caused veryweak symptomdevelopmentwithmild
mosaic symptoms. Interestingly, the (ACCA)2 mutant caused vein
banding and mosaic symptom development while wt caused severe
mosaic or mosaic symptoms at 7 dpi (Fig. 5 and Table 2). Total RNAs
extracted fromupper systemic leaves inoculatedwith transcripts of these
mutationswereanalyzed forplus-strandRNAandCPaccumulation. Plus-
strand RNA accumulation in upper leaves inoculated with ΔACCA,
(ACCA)2 and (ACCA)3 were 24.6%, 107.1% and 10.5% compared to that of
wt (Fig. 4E). A correlation betweenplus-strandRNAaccumulation andCP
accumulationwas observed (data not shown). Analysis of the sequences
of the progeny viruses indicated that the mutated sequences were
maintained in both inoculated and upper systemic leaves forΔACCA and
(ACCA)2 mutants. In contrast, sequence conversion to the wt sequence
was observed for the (ACCA)3 mutant-inoculated plants. Altogether,
these results indicate that the duplication of ACCA at nt 10–13, inmutant
(ACCA)2, did not signiﬁcantly affect replication, whereas the deletion of
ACCA or tripling of ACCA signiﬁcantly reduced viral replication.
Discussion
Sequence comparisons of the ACCA motifs and the surrounding
nucleotides indicate that the repeated ACCA sequences at the 5′ NTR
are well conserved within PVX isolates, but less conserved within the
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however, is observed in many potexviruses, including Clover yellow
mosaic virus, Papaya mosaic virus, White clover mosaic virus, Narcissus
mosaic virus, and Strawberry mild yellow edge virus. The other potex-
viruses, including Potato acuba mosaic virus, Plantago asiatica mosaic
virus, Foxtail mosaic virus, and Bamboo mosaic virus, do not contain the
repeated ACCA motifs. Although all viruses do not contain the
repeated ACCA motif(s), most viruses in the genus Potexvirus contain
AC-rich sequences (Fig. 6B). Analyses of deletion and site-directed
mutations introduced into the 5′ region of the PVX genome indicated
that the ﬁrst ACCA sequence element located at nt 10–13 of the 5′ RNA
is required for efﬁcient plus-strand genomic RNA and sgRNA accu-
mulation, but not for minus-strand RNA synthesis. Mutations
introduced into the second and the third ACCA motifs did not signi-
ﬁcantly affect virus replication or the development of symptoms in
inoculated plants. Whereas most of the site-directed mutations intro-
duced into nt position 9–13 affected PVX RNA replication to some
extent, mutations that changed nt 11–12 CC into AA and UU severely
affected plus-strand genomic RNA synthesis (Fig. 3). This is analogous
to the signiﬁcantly reduced or lack of accumulation of plus-strand RNA
by the deletion of the ﬁrst 11 or more nts (Fig. 2).
In this regard, it is worth nothing that the deletion of the ﬁrst 8 nt
(Δ8) or 9 nt (Δ9) from the 5′ end did not affect accumulation of PVX
RNA levels; these mutants are predicted to maintain RNA–RNA inter-
actions between terminal sequences, modeling 5′-terminal nt 4–11
and the 3′ hexanucleotide sequence element, and the internal con-
served sequences located upstream of sgRNAs that are required for all
PVX RNA accumulation (Hu et al., 2007; Kim and Hemenway, 1999),
whereas a signiﬁcantly reduced or no interaction was predicted with
the deletion of 10 ormore nts from the 5′ end of the PVX RNA (data not
shown). When mutations affect RNA–RNA long-distance interactions,
e.g., 11–12 AA and UU, such that the normal RNA–RNA base-pairingFig. 6.Multiple sequence alignments of nucleotide sequences at the 5′ NTR of PVX isolates (A)
each isolate. Nucleotide sequences: PVX-USA (Hemenway et al., 1990), PVX-X3 (D00344),
(D29630), Papaya mosaic virus (D13957), White clover mosaic virus (X16636), Plantago asia
(D13747), Bamboo mosaic virus (L77962), Foxtail mosaic virus (M62730), and Strawberry mildbetween the 5′ terminus (or 3′ terminus of minus-strand RNA) and the
conserved octanucleotide elements is reduced compared to that of the
wt, sgRNA and gRNA syntheses are reduced. These results indicate the
importance of multiple RNA–RNA long-distance interactions (Fig. 1B)
and correlate with results previously observed for plus-strand RNA
accumulation in vivo. RNA–RNA interactions and the dynamic RNA
conformations as important regulators of virus replication were also
reported in several other systems (Alvarez et al., 2005; Olsthoorn et al.,
1999; Ray et al., 2003; Zhang et al., 2006). It is possible that these RNA
interactions may also regulate other important virus life cycle phases,
including translation, assembly, and switches in these important
steps.
To further clarify the importance of the ﬁrst ACCA motif, we tested
the effect of deletion (ΔACCA) and insertions ((ACCA)2 and (ACCA)3) of
ACCA. Although the deletion of one and the insertion of two ACCA
sequence elements signiﬁcantly affected RNA accumulation and symp-
tom development, the insertion of one ACCA ((ACCA)2) led to the
accumulation of comparable RNA and caused vein banding and mosaic
symptom compared to those of the wt (Fig. 5 and Table 2). A cellular
protein, p54, binds to the 5′ NTR of plus-strand RNA and determines
the nt 10–13 ACCA at the 5′ NTR of PVX RNA, affecting the binding of a
54-kDa protein in vitro and RNA accumulation in protoplasts (Kim et al.,
2002). The effects of host protein binding to these ACCA deletion and
insertion mutants, however, have not yet been deﬁned and will shed
light on the importance of the ACCAmotif in host protein binding. These
results support the proposal that the nt 10–13 ACCA element at the 5′
NTR of the PVX region may be involved in RNA–RNA and RNA–protein
interactions that are required for PVX replication.
A stem-loop structure (SL1), which forms within nt 32–106 in the
5′ region of PVX RNA, is critical for the life cycle of PVX in host plants.
Various features of a stable SL1are important for replication (Miller et al.,
1998, 1999) and the formation of virus-like particles by providing theand of the genus Potexvirus (B). Numbers at the top represent the nucleotide position of
PVX-UK3 (AY297843), PVX-CP (X55802), PVX-HB (X72214), Clover yellow mosaic virus
tica mosaic virus (Z21647), Potato acuba mosaic virus (S73580), Narcissus mosaic virus
yellow edge virus (D12517).
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also implicated as the signal for cell-to-cell movement of PVX RNA
(Lough et al., 2006). Although we have not looked for second site
reversions that may also affect the ﬁtness of progeny RNA, our data
indicate that the preferred RNA sequence and structural elements of SL1
are selected for during PVX replication, as suggested previously (Miller
et al., 1999). It is also possible that SL1 might provide a speciﬁc binding
site for host factors that might play a role in modulating the virus
replication cycle by interacting with viral protein(s) and other host
factors. In this regard, it is worth mentioning that several host factors
speciﬁcally recognize and interact with SL1 formed in both plus- and
minus-strand RNA (S.-Y. Cho and K.-H. Kim, unpublished data). The
characterizationof thesehost factors anddeterminationof their possible
roles in modulating the virus replication cycle remain to be performed.
We characterized the functional signiﬁcance of the repeated ACCA
sequence elements at the 5′ NTR region in PVX replication by
introducing substitution, deletion, and addition mutations into the
repeated ACCA element in the 5′ NTR of the PVX RNA. We showed the
importance of the ﬁrst ACCA element for PVX replication. Because the
binding of the cellular protein to the 5′ region of PVX RNA and virus
replication in inoculated protoplasts were closely correlated to p54
binding to the 5′ end of plus-strand RNA, it is tempting to speculate
that the requirement for sequences on the 5′ end of PVX RNA is in part
due to the binding of cellular protein, as well as CP subunits. It is also
possible that different cellular proteins recognize and bind PVX
regulatory elements located at the PVX 5′ and 3′ ends and elsewhere
on PVX RNA to allow virus replication and to modulate the virus life
cycle. Future experiments will involve the characterization of each
cellular protein interaction with PVX RNA and/or with viral and other
cellular proteins.
Materials and methods
Plasmid construction and in vitro transcription
Mutations were introduced into the PVX cDNA clone pMON8453
(Hemenway et al., 1990) using the muta-Gene in vitromutagenesis kit
(Bio-Rad) (Kunkel, 1985). Construction of the control plasmid p32 was
described previously (Kim and Hemenway, 1996). All site-directed
mutants were veriﬁed by sequencing, and a region containing the
mutation was resected back into a wt pMON8453 clone. The resulting
clones were sequenced through the entire resected fragment and
ﬂanking regions to ensure that only the introduced mutations were
present. In vitro transcription reactions were performed as described
previously (Kim and Hemenway, 1996). The quality and relative
concentration of transcripts was checked by electrophoresis on 1%
agarose gel at 4 °C, and visualized by ethidium bromide staining.
S1 nuclease protection assay
Total RNA was isolated from inoculated protoplasts using Trizol
reagent (Molecular Research Center, Inc., USA) at 48 hpi. S1 nuclease
protection assays were used to detect minus- and plus-strand PVX
RNA, with single-stranded DNA probes (Kim and Hemenway, 1996,
1997). The products from S1 nuclease digestion were separated on 6%
sequencing gel and visualized by autoradiography. The relative molar
amounts of PVX RNA in each sample were determined using Image
Quant software on a Molecular Dynamics Phosphoimager.
Northern blotting
Total RNA was isolated from inoculated protoplasts using Trizol
reagent (Molecular Research Center, Inc., USA) at 48 hpi. Total RNAwas
electrophoresed on 1% denaturing gel and blotted onto nylon transfer
membranes (Amersham Biosciences). The blots were probed with 32P-
labeled PVX CP fragments.Western blotting
At 48 hpi,105 protoplasts from7 dpi plantswere resuspended in 30 μl
of Laemmli loading buffer (Laemmli,1970), electrophoresed on 12% SDS-
polyacrylamide gel, and blotted onto PVDF transfer membranes (Amer-
sham Biosciences, USA; (Towbin et al., 1992).The blots were probed with
antiserum prepared against puriﬁed PVX. The products were visualized
using a Biotin/StreptAvidin kit (Amersham Biosciences, USA).
Protoplast and plant inoculations
Capped transcripts (5 μg) derived from pMON8453 ormutant clones
were resuspended in 0.1 M phosphate buffer (pH 8.0) and inoculated
onto two leaves of N. benthamiana plants (Hemenway et al., 1990).
Inoculated plants were maintained under a photocycle of 25 °C for 12 h
in the light and at 22 °C for 12 h in the dark and were monitored for
symptom development for up to 2 weeks post-inoculation. For proto-
plast inoculation, capped transcripts (5 μg) derived from pMON8453 or
mutant clones were resuspended in DEPC-dH2O and inoculated into
NT1 protoplast as described previously (Kim and Hemenway, 1997).
RT-PCR and sequencing
Total RNA was isolated from mock and ACCA mutant transcript-
inoculated N. benthamiana plants using Trizol reagent (Molecular
Research Center, Inc., USA) according to the manufacturer's protocol.
RT-PCR was performed as described previously (Ko et al., 2007) using
PVX 5′pr1 (5′-GAAAACTAA-3′), PVX 5′pr2 (5′-GAAAACTAAACCATA-
CAC-3′), and PVX 3′pr (5′-CTATAAGCCTCATCTTG-3′), which are
complementary to nucleotides 1–9, 1–18, and 161–145, respectively.
The PCR conditions were: one cycle at 94 °C for 5 min; 30 cycles of
94 °C for 30 s, 50 °C for 1 min, and 72 °C for 1 min; and one cycle of
elongation at 72 °C for 10 min. The ampliﬁed DNA fragments were
cloned into the pGEM-T EASY vector (Promega, USA). Inserts were
sequenced using the dideoxynucleotide chain termination method,
using the ABI Prism 3730 XL DNA Analyzer (PE Applied Biosystems,
USA) located at the NICEM (Seoul National University).
Real-time RT-PCR
Real-time RT-PCR was performed on the Applied Biosystems 7500
Fast Real-Time PCR System (Applied Biosystems, USA) using cDNA
synthesized from Turbo DNA-free™ (Ambion, Inc., USA) -treated total
RNA using the ﬂuorescent SYBR green method. The real-time PCR
reaction was done in a total volume of 10 μl containing 5 μl of SYBR®
Green PCR Master Mix (Applied Biosystems, USA), 20 ng of cDNA, and
a ﬁnal concentration of 200 nM primers (PVX-F; 5′-GCCCAATTGTTA-
CACACC-3′ and PVX-R; 5′-CTATAAGCCTCATCTTG-3′), which are
complementary to nucleotides 44–60 and 161–145, respectively. The
PCR reactions were: 50 °C for 2 min and 95 °C for 10 min; 40 cycles of
95 °C for 15 s and 60 °C for 1 min; and ﬁnally, 72 °C for 10 min.
Immediately after the ﬁnal PCR cycle, melting curve analysis was
conducted to determine the speciﬁcity of the reaction by incubating
the reaction at 95 °C for 15 s, annealing at 60 °C for 20 s, and then
slowly increasing the temperature to 95 °C over 20 min. PVX RNA
accumulation was normalized to the ubiquitin 3 (Ubi3) endogenous
gene (Rotenberg et al., 2006). Threshold values for threshold cycle (Ct)
determination were generated automatically by the Applied Biosys-
tem Detection v 1.3.1 software. Lack of variation in PCR products and
the absence of primer–dimers were ascertained from the melt curve
proﬁle of the PCR products.
Computer-aided analysis of progeny RNA
RNA secondary structureswere predicted using themFOLD program
(http://www.bioinfo.rpi.edu/applications/mfold; (Mathews et al., 1999;
141M.-R. Park et al. / Virology 378 (2008) 133–141Zuker, 1989) using sequences of progeny viral RNA obtained from
inoculated and upper systemic leaves.
Statistical analysis
Data were statistically analyzed by analysis of variance (ANOVA)
and means were compared using the Fisher's LSD (Least signiﬁcant
difference) test. Statistical analysis was performed with SAS (version
9.1; SAS Institute Inc., USA).
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